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ABSTRACT 
Capsizing of small vessels, such as commercial fishing vessels, is a frequent event. This 
phenomenon is generally associated with the combined action of storm seas, inadequate 
design parameter regulations, and dangerous operational procedures. In contrast, the 
capsizing of large ships is rare, but does occur. For these large vessels, more strict 
regulations exist to ensure safe operational procedures. While the storminess of the sea 
cannot be controlled, the navigation procedure can. Large offshore ships tend to navigate 
in a path to avoid forecasted severe weather, and in cases of stormy seas they temporarily 
operate at safe speeds and in the direction parallel to the waves. 
The work presented in this thesis investigates the effect of the wind in rolling and finally 
capsizing a ship. For the purposes of mechanical analysis, realistic hull forms are used 
and fundamental issues associated with moments and forces imposed by the wind, are 
applied. The platforms are examined for several wind speeds that strike the ship at 
different angles. Both static and dynamic cases were examined. Under the assumption of 
general conditions, the angles of heeling in each case and the wind speeds that caused the 
ship to capsize are calculated. 
Furthermore, a cost analysis associated with the total loss of the ship due to capsize is 
also reviewed. An existing worldwide database of vessel total losses, dating from 1960 to 
present, is used to calculate the costs per ship capsize. Some simplifications are 
inevitably used, because the cost implications of total ship losses have both direct and 
indirect portions that are difficult to quantify. In addition, the actual numbers that result 
fiom such a catastrophe are not generally available to the public and are not found in the 
open literature. Given these limitations, a preliminary analysis of the capsize-associated 
costs is performed for several types of commercial vessels. 
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Chapter 1 : I ntroduct i on 
7, 7. Prob lem Statement 
Traveling at sea can result in casualties that lead to loss of life and money. Furthermore, 
in many occasions, maritime accidents can lead to serious environmental pollution. Fire, 
explosion, collision, grounding, and/or machine~y breakdown are the main causes of ship 
capsize and eventual sinkage, primarily due to loss of stability through reduction of 
reserve buoyancy. 
Human factor is considered the most important cause of casualties at sea. This is usually 
encountered in the form of underestimation of several environmental conditions and 
ignorance of safety rules. Nobody can however ignore the significant role of the 
environmental conditions that a ship will face. Fog for example is an important factor that 
lowers the visibility and in many cases led to grounding or collision. Despite the many 
advances made in the area of radar and other electronic navigational aids, collisions and 
groundings continue to occur every year. It is hoped, however, that technological 
advances will in the near future reduce such occurrences. 
Among the environmental factors that can cause capsizing of a ship or a boat, extreme 
weather conditions are dominant. In particular, the combined effect of wind and waves 
can lead to an excess roll angle, water on deck, or motion of the cargo. This vicious circle 
of chain events can eventually dnve the ship to capsize. Unfortunately, the capsize 
mechanism has not yet be fully understood due to the underlying complex dynamics and 
parameters. Despite today's advanced technology, it is not yet feasible to design and 
construct capsizing-resistant ships. The reason lies in the fact that it is not possible to 
model and simulate nature mathematically with all its aspects. Thus, the random, 
unpredictable, and sometimes chaotic character of ocean environment is responsible for 
capsizes and loss of life. 
Studying the causes of capsizing in more detail, understanding the nature of waves and 
winds blowing over them, and finding the forces and moments that these conditions apply 
on the ship will contribute to a better understanding of capsizing phenomena. It is the 
intention of this thesis to contribute to the knowledge that can lead to the design of safer 
ships and the critical examination of existing vessels against capsizing. 
7.2. Thesis Out 1 ine 
The aim of this document is to predict the roll angle that ships of a given hull form will 
suffer when subjected to winds of different velocities and angles of attack. In addition, 
this document will study the human reliability factor when decisions have to be made in 
order to avoid the capsizing danger when a heavy weather condition has been announced. 
Special attention is given to: 
theoretical background on which wind effects are quantified 
description of most important elements in each step of the prediction procedure 
major assumptions made and the limits of applicability 
sensitivity of ship performance on the related parameters 
This thesis is composed of six Chapters. The first Chapter deals with the presentation of 
the topic. Chapter 2 describes the theoretical background required to m e r  investigate 
capsizing in ships. In particular it details the mechanisms of capsizing, the ship stability 
analysis, the generation of statical stability curves and how they are influenced by ship 
geometry (hull form). 
Chapter 3 deals with the wind effect on hull. The three selected hull forms are tested 
under the influence of winds. The mathematical equations describing this phenomenon 
are developed and the theoretical predictions are presented. The effect of the wind 
striking the ship with different velocities and angles of attack during static and dynamic 
processes is investigated. The roll angle is calculated in all cases and conditions under 
which capsizing occurs are found. 
Chapter 4 details the results obtained by the analytical formulation developed in Chapter 
3. In order to properly solve the dynamic problem, initial boundary conditions are 
imposed. Apart fiom the case that the initial conditions are zero the chapter also includes 
calculations for the cases where non-zero initial conditions are experienced. 
Chapter 5 summarizes the main assumptions made in this thesis and suggests potential 
routes for future refinements and increased accuracy. 
Chapter 6 discusses the economic aspects of capsizing for several types of ships. 
Chapter Theoretical Background 
The purpose of this chapter is to give to the reader a quick general idea of some of the 
theoretical principles and background needed for the evaluation procedure that follows. 
All these theoretical aspects can be found in more details in any good naval architecture 
text. 
2. 7. Mechanisms o f  capsizing 
The dominant cause of small ship capsizing is the combined action of breaking waves 
with excess magnitude winds blowing over them. Historical evidence suggests that small 
boats are more vulnerable to capsize due to breaking waves than large boats. In fact, 
capsizing of a vessel over 100 feet is very rare. 
There are several mechanisms that can lead to capsize, some of which will be detailed 
below. Most of these mechanisms are essentially non-linear in nature and they cannot be 
investigated by a simple frequency-domain approach. One mechanism that can cause 
capsize involves static stability characteristics. In following or quartering seas, the wave- 
encountered frequencies are much lower than in head seas or seas on the bow, which 
means that the wave profile is almost stationary relative to the ship. As a consequence, 
the ship may become statically unstable in roll, relative to the waterline defined by the 
wave profile. This happens because the wave surface is not plane and neither is the 
instantaneous load waterline. The metacentric radius BMT which is derived for this 
modified waterline may in fact differ from that computed for the still waterline. The 
metacentric height, GMT, is very sensitive to the metacentric radius and as a consequence 
significant variations in GMT can occur with frequencies equal to the encountered 
frequency. This parametric change of GMT can lead to roll instabilities, with roll motions 
increasing in time. This effect is amplified for ships with low initial stability. 
A different mechanism which can cause a ship to capsize, is a phenomenon called 
broaching. As a term, broaching, describes the situation in which a ship veers broadside 
to the wind and waves. This can be caused when the fiequency of the encounter between 
the ship and the waves is small. The result is an altered course relative to the waves. This 
situation can lead to large amplitude of the unrestored motions of sway and yaw, which 
result in serious interactions with the steering and large resonant roll angles. In cases of 
extreme high waves and excess magnitude of winds, where the water particle velocities 
become comparable to the ship speed, the broaching mechanism may force the ship to 
yaw to an orientation parallel to the wave crest, which is extremely dangerous and may 
eventually lead to capsizing. 
2.2. Stab i I i ty Curves Inadequacy 
In order to investigate the safety of the ship-stability one needs to study its static and 
dynamic response under the effect of moments applied to the ship by winds and waves 
(or any other reason than can cause a heeling to the ship). The conventional statical 
stability analysis of ships is well known and simply presented by the righting arms (RA) 
curve. Unfortunately, the existing stability standards do not demand rigorous analysis of 
wave and wind forces that, often, are the main causes of capsizing. Various 
characteristics of the RA curve, such as the initial metacentric height, GM, angle of 
vanishing stability, and area under the curve are directly dependent upon ship's hull form 
and weight distribution. This type of analysis should be extended a step fhrther to include 
the effect of external disturbing forces by wind. 
To proceed to the wind effect analysis it is necessary to give a short introduction to the 
theoretical background of the ship stability. In particular, this section describes the 
importance of righting arms, the way that they are related to the angle of heel and their 
utilization for the following calculations. 
It is known that a ship, as any afloat body, experiences the force of buoyancy equal to the 
weight of the displaced liquid. The resultant of that force is acting vertically upward 
through a point called the center of buoyancy (B), which is the center of gravity of the 
displaced liquid. The application of this principle to a ship makes it possible to evaluate 
the hydrostatic pressure acting on the hull and the appendages by determining the volume 
of the ship below the waterline and consequently its centroid. This volume, when 
converted to weight, is called displacement (A). 
The behavior of a floating object is determined by the interaction of the forces of the 
weight and buoyancy. In the absence of any other forces, and in the case of positive 
stability the ship will settle until the force of buoyancy equals the weight and it will rotate 
until the two following condition is satisfied, as shown in Figure 1 ': 
a. The centers of buoyancy B and gravity G are in a vertical line, and 
b. Any slight rotation from this position from an initial waterline to another will 
cause the equal forces of weight and buoyancy to generate a restoring couple 
which tends to move the ship back to float on the initial waterline 
' Principles of Naval Architecture Volume I pp. 64 
Figure 1: Equilibrium of floating body 
For every stable object there is at least one position at which the above conditions are 
satisfied. Any deviation fiom that position would produce a moment tending to restore 
the body to the initial position. These moments are called righting moments. Depending 
on the vertical position of the center of gravity, G, either righting moments which oppose 
further inclination or upsetting moments which contribute to continued inclination and 
potential capsize. 
Lowering the center of gravity will increase stability. This happens because when a 
righting arm exists, lowering the center of gravity increases the separation of the two 
forces and thus increases the righting moment. When a heeling moment exists, lowering 
the center of gravity would change the heeling moment to a righting one. All the above 
are schematically shown in Figure 2*. To better understand the following figure, one 
needs to investigate how the righting arms change as the center of gravity is shifted along 
the y-axis. 
Figure 2: Alternate conditions of the equilibrium of a floating body 
In addition to weight and buoyancy, there are other forces that may act on the ship. These 
forces are, generally, called upsetting forces and their magnitude determines the 
magnitude of the moment that must be produced by the weight-buoyancy couple in order 
to prevent capsizing or excessive heel. 





Shifting of onboard weights 
Addition or removal of weight 
High-Speed Turns 
Strain on mooring lines 
Towline pulls of tugs 
Entrapped water on deck 
In the case where upsetting forces are acting on the ship, the ship heels to an angle whose 
value produces a moment by the forces of weight and buoyancy to equalize the moment 
developed by the upsetting forces. When the ship is exposed to a beam wind, the wind 
pressure acts on the portion of the ship above the waterline, and the resistance of the 
water to the ship's lateral motion is acting in an opposite direction in a point below the 
waterline, as can be seen in Figure 33. As the ship heels from the vertical, the wind 
pressure, water pressure and their vertical separation remain approximately constant. The 
ship weight is unchanged and acts at a fixed point. Even though the magnitude of the 
buoyancy remains the same, the point through which it acts depends on the angle of heel. 
Subsequently, equilibrium will be reached when sufficient separation of the centers of 
gravity and buoyancy has been produced to cause balance between heeling and righting 
moments. 
Figure 3: Effect of a beam wind 
In any of the cases when upsetting forces are applied it is quite possible that under several 
circumstances, equilibrium would not be reached before the ship capsized. It is also 
possible that the equilibrium would not be reached until the angle of heel becomes so 
' Principles of Naval Architecture Volume 1 pp. 67 
large that water would be shipped through topside openings, and the weight of this water 
would contribute to capsizing which otherwise would not have occurred. 
2.5. StaticaIStabilityCurves 
2.5.1. Definition and Characteristic Points 
The statical stability curves are a plot of the righting arms or the righting moments of the 
ship against the angle of heel for a given condition of loading. For any ship, the shape of 
this curve will vary with the displacement, the vertical and transverse position of center 
of gravity, the trim and the effect of free liquids' surfaces. The area under the curve 
physically represents the potential energy that the ship possesses at corresponding heel 
angles. The standard plotting form of the righting arm curve is shown in Figure 44. In 
order to have a complete understanding of intact ship stability, it should be known not 
only how a righting arm curve is determined and used, but also why it is shaped as 
shown, and the significance of its typical features. The slope of the righting arm curve at 
zero is equal to the metacentric height of the ship. Up to about 5-10 degrees, the righting 
arm curve can be approximated by GZ = GMT sin($), where cp is the angle of heel. 
Figure 4: Characteristic points on a ship's curve of stability 
The peak of the righting arm curve identifies two quantities that are important in 
evaluating the overall stability of a ship. These are the maximum righting arm and the 
angle of maximum stability. The importance of the maximum righting arm is that when 
multiplied by the ship's displacement it produces the maximum steady-state heeling 
moment that the ship can withstand without capsizing. Beyond the angle of maximum 
stability, righting arms decrease, often more rapidly than they had increased up to that 
point. This rapid decrease, ultimately, leads to the point at which GZ becomes zero. The 
angle at which this occurs is the angle of vanishing stability. Any ship that inclines 
beyond this angle will capsize. In reality, capsize could occur at smaller angles due to the 
additive heeling impulses posed by dynamic conditions. 
2.5.2. Dependency on the hull characteristics 
The shape of the righting arm curve depends heavily on the ship's hull form, both under 
and above the design waterline. While initial stability (righting arms at small angles of 
heel) depends almost entirely on metacentric height, the overall shape of the stability 
curve is governed by hull form. Figure 55 shows how changing hull form increases or 
decreases righting a m  by altering the position and movement of the center of buoyancy. 
Beam. Of all the hull dimensions that can be varied by the designer, beam has the 
greatest influence on transverse stability. Metacentric radius (BM) is proportional 
to the ratio B~/T. BM, and therefore KM will increase if beam is increased while 
draft is held constant. If freeboard is held constant while beam is increased, the 
angle of deck edge immersion is decreased; righting ams at larger angles and the 
range of stability are reduced. 
Length. If length is increased proportionally to displacement, with beam and draft 
held constant, KB and BM are unchanged. In practice, increasing length usually 
causes an increase in KG, reducing initial stability. If length is increased at the 
expense of beam, righting ams  are reduced over the 111 range of stability. If 
length is increased at the expense of draft, righting arms will be increased at small 
angles, but decreased at large angles. 
Freeboard. Increasing freeboard increases the angle of deck edge immersion, 
increasing righting arms at larger angles and extending the range of stability. If 
draft is held constant, increasing freeboard causes a rise in the center of gravity, 
mitigating the benefits of increased freeboard to some extent. 
Draft. Reduced draft proportional to reduced displacement increases initial 
righting arms and the angle of deck edge immersion but decreases righting arms 
at large angles. 
Displacement. If length, beam, and draft are held constant, displacement can be 
increased only by making the ship fuller. The filling out of the waterline will 
usually compensate for the increased volume of displacement, and BM, as a 
I x x  fimction of -, will increase. The height of the center of gravity will also be 
v 
decreased by filling out the ship's form below the waterline. These changes will 
enhance stability at all angles. 
Side and Bottom Profde. Extreme deadrise (fining the bilges) or tumblehome in 
the vicinity of the inclined waterline reduces the increase in waterplane area and 
outward shift of the center of buoyancy, resulting in a shallow stability curve. 
Ships with flaring sides develop large righting arms because of the rapid increase 
in waterplane area and large shift of the center of buoyancy as the ship is inclined. 
A round-bottomed ship with vertical sides beginning somewhat above the water 
line, such as a tug or icebreaker, will roll easily to small angles of inclination but 
develop strong righting moments at large angles. 
chapter 3:  
This Chapter is devoted to the study of the wind effect on the heeling of a ship. To do so, 
we make use of the theoretical background described in Chapter 2. A code that calculates 
the roll angle that a ship experiences due to the moments applied from the wind which 
strikes a ship, is proposed. Particular emphasis is placed on tumblehome hulls due to the 
special interest expressed by several navies around the world to acquire and operate this 
type of ship. Tumblehome ships have the advantage of reduced electromagnetic 
signatures because the angled ship structure above the water line reflects the 
electromagnetic waves in a direction that makes the trace of the ship more difficult. 
However, a tumblehome ship will have decreased righting arms GZ, in the whole 
spectrum of the heeling angles and the angle of vanishing stability will also be lowered. 
For the analysis and evaluation process three different hull forms were selected. A flare- 
sided, a wall-sided and a tumblehome. These types of hulls are schematically shown in 
Figure 66. 
Tumblehome Wall-Sided Flare-Sided 
Figure 6: Schematics of the hull forms examined 
These hulls were developed under the supervision of the Seakeeping Division of the 
NAVSEA Warfare Center Carderock Division and the name of the project is ONR. The 
RA curves for several values of initial metacentric height, GMT, were constructed. GMT 
limits for safe operations at sea, using Sarchin and Goldberg criteriaare shown below: 
Tumblehome: 
Seakeeping Division of NAVSEA Warhe Centers (Carderock Division) 
Wall-Sided: 
Flare-Sided: 
For these values of GMT the righting arm curves versus the angle of heel were 
constructed by NAVSEA, and they are indicative of the superiority of the flare-sided 
ships. These curves are shown in Figure 77 
Figure 7: Righting arm curves for the large initial metacentric height (GM=2.0m) 
While setting up the hulls to be examined, the following assumptions were made in order 
to make valid comparisons: 
All of investigated hulls have the same principle characteristics L, B, T and the same 
displacement: 
T=8.4 13m 
A= 14264 ton 
- -  
' Seakeeping Division of NAVSEA Warfare Centers (Carderock Division) 
All of them have the same sail area. In other words, the heights of the ships' 
profiles above the waterline are assumed to be the same. This ensures that the 
forces applied by the wind and consequently the moments created are equal for all 
the types of the hull 
The local drag coeficient was chosen to be one. (CD=l) 
The velocity profile was uniform throughout the superstructure. 
There are no other excitation forces applied to the hull of the ship apart from the 
wind force. Therefore, it is assumed that before any wind application the ship was 
in stillwater, and the initial angle of inclination and the initial angular velocity of 
the ship were zero 
The waterline did not rise on the high side when the ship rolled, therefore the 
wind roll force and moment would be proportional to the square of the cosine of 
the roll angle 
Discussion on how these assumptions will be altered will follow in proceeding chapter. 
3.2. Ca/cu/atiuns Set up 
The purpose of this work is to calculate and make finally a comparison of the following 
outcomes: 
Find the forces and the moments applied on the hulls by the wind 
Find the roll angle where the ship will balance after the application of the wind 
force for a long time. This will be called the static case 
Find the roll angle that the ship will experience as a result of a wind that gusts 
causing a heeling angle greater than that found in static case. This will be called 
the dynamic case. 
Finally, determine at which wind speed the ship will capsize, if any 
The difference between the static and the dynamic case is the following. The static case 
evaluates the equilibrium roll angle for which the wind roll moment equals the ship 
righting moment. On the other hand, the dynamic case evaluates the extreme roll angle 
when the wind speed starts from zero and suddenly gusts to the prescribed wind speed 
which is maintained. In this case, the roll angle will overshoot the equilibrium value and 
as the ship behaves as a pendulum the energy provided by the wind will be absorbed by 
the ship restoring forces and finally the ship after a short period of time will be balanced 
to the angle calculated in static case. 
This work will evaluate and plot the values of the angles described above for the 
following cases: 
The three different hull shapes mentioned above 
Two different righting arm curves for each hull with initial metacentric heights, 
GMF 1.5m and GMy2 .Om 
Several wind speeds in increments of 2 knots for values ranging in the region of 
50 knots to 100 knots 
The wind direction with respect to astern winds is called the angle 0. For the purposes of 
this project, 0 would take the following values: 30°,450,600,900.~t is obvious that the 
worst case scenario will be when the wind strikes the ship at an angle of 90'. 
Subsequently, the values of the roll angles in the static and dynamic cases will be plotted 
as a function of wind speed in each of the wind directions, for the several hull forms and 
the two initial metacentric heights. 
3.3. Calculations 
3.3.1. Projected Area Calculation 
For calculation purposes, an existing preliminary design for the part of the ship above the 
waterline was used. This design is the DD(X) Multi-Mission Surface Combatant which is 
the future Surface Combatant for the US Navy. 
Figure 8: Figure of DD(x) for the calculation of projected to the wind area 
"DD(X) will be about 600 feet long, 79 feet wide, draw approximately 28 feet, and be 
capable of speeds in excess of 30 knots. Displacement will be approximately 14,000 tons. 
The ship's tumblehome design will make it appear smaller than it actually is on radar. 
Although nearly twice the displacement of a Spruance-class destroyer, through signature 
reductions and its unique tumblehome hull design, DD(X) will be a stealthy warship and 
present a radar cross section a fiaction of Spruance-class ships." 
Source: http://www . g l o b a l s e c u r i ~ . o r g / m i l i t a r y / s ~ m  
Because the ship is not yet constructed, and because the design plans are confidential the 
ship scheme given in Figure g8 was used. Knowing that the ship has an overall length of 
* ~ r o m  the site of www.globalsecurity.com 
about 600ft or 182.88m and measuring ship length from the figure, a ratio of the real ship 
and ship of the figure, called h was created. Using that ratio, and measuring the heights of 
the ship's profile in figure, the real ship profile heights can be estimated. 
The profile of the projected area normal to the wind was represented by two single- 
column tables: one denotes the longitudinal position along waterline and another the 
corresponding heights. The table of longitudinal positions is in meters starting from 
x=Om at the stern of the ship and ending at x=182.88m at the bow. Because of the 
particular ship profile, the positions of measurements are not evenly spaced. Instead, the 
positions of measurements are selected according to hull profile changes. Both tables 
have 22 elements: 22 longitudinal positions, denoted as Lj and 22 corresponding heights, 
denoted as Hj. These tables can be found in Appendix 111. 
In a second step, we assume that j is taking values from 0 to 21, in order to cover all the 
longitudinal positions and heights. A function f(j) is defined to calculate the projected 
wind area of a small trapezoid between the positions Lj and Lj+l with corresponding 
heights Hj and Hj+l. 
The whole projected area of the ship will then be given by the summation of all small 
trapezoids: 
3.3.2. Calculation of the force and the moment applied by the wind 
Another function of j, a(j19 is set to calculate the moment of area of each trapezoid about 
the waterline, and the sum of those will represent the first moment of the total projected 
wind area about the waterline, which is called Mx: 
1 ( H ~ ) ~  + (Hj Hj + 1) + (Hj + 1)' 
a(j) =-=(Hj+Hj+1)-(Lj.1-Lj). 
2 3.(Hj+Hj+l) 
Mx divided by the Area will give the centroid of the area, Centroid,, with respect to the 
waterline 
Area 
The force on a surface can then be derived using: 
where 
CD is the local drag coefficient (CD=l.O), 
pair is the air density (pair=l .2kdm3), 
V, is the wind velocity in dsec., and 
0 is the angle behveen the wind direction and the ship direction (0' - wind is coming fiom 
the stern and 180' - wind is coming fiom the bow) as it is shown in Figure 9. 
The longitudinal fore-and-aft component of the wind has also some effect, due to the 
curvature of superstructure. The projected area to this component is very small compared 
to the projected area of the lateral component, thus the moment created fiom the 
horizontal velocity is negligible and can therefore be ignored. All following calculations 
do not take this horizontal component of the wind into account. 
Figure 9: Angle of attack of the wind with respect to the ship 
Another function of j, termed do), is set up to calculate the moment applied by the wind 
on each of the small trapezoids that constitute the hull. This moment will be equal to the 
product of the force applied on each piece and the lateral distance, 1, of the centroid of 
each piece from the point where the force from the water resistance is applied. It can be 
assumed that this point is at half draft, T/2. This issue is clarified in Figure lo1'. 
Wind speed,Va 
Figure 10: Moment applied by the wind on a hull 
This formula is derived as follows: 
where the total moment applied to the hull by the wind is the sum of all the moments 
applied to each trapezoid: 
The force and the moment found using the above equations is what the ship experiences 
in the upright position. As the ship inclines to some angle, cp, the force and the moment 
applied on the hull is actually multiplied by a factor (cos2@ because in that case the wind 
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hits the ship in an angle cp so the ship realizes the Vaacos 4 component. Furthermore, in 
the expression giving the force and the moment applied by the wind (equations 6 &. 8), 
speed term is squared; consequently, the factor cos(cp) is also squared. 
3.3.3. Ship Righting Moment Calculation 
Righting ann data for various heel angles was collected for each of the three hulls 
examined. This data ,collected from the ONR project, gives values of righting arms 
versus heel angle, GZ(cp), at initial metacentric heights of GM=l.Srn and GM=2.0m for 
tumblehome, wall sided and flare sided designs. 
Since the ship used for the ONR project is similar to DD(x) but smaller (152.5m 
compared to 182.88), all the righting arms from the curves constructed for ONR are 
multiplied by a factor 1.2, which is the ratio of the DD(x) length over the ONR project 
ship's length. The decision to multiply with the ratio of the lengths and not the ratio of 
the displacements is made because the righting arms are measured in meters. Therefore it 
was proper to multiply with a ratio of a length scale, which is of the same dimension. A 
cubic spline was fitted to those points, in order to get a continuous function of GZ(cp) for 
that discrete characterization, as shown in Appendix I. This spline representation will 
help the MathCAD to use the function GZ(cp) in the equations that will give the static and 
dynamic solution for the roll angle experienced by the ship under wind effect. 
3.3.3.1. Evaluation of roll angle in static case 
For the static roll angle solution, a function T(q )  is created. This function represents the 
difference between the moment applied by the wind, [M . cos2 #] and the restoring 
moment of the ship, A GZ(4) 
The root of that function is the angle cp that will make both terms equal. This root will be 
the equilibrium angle that the ship will balance when is hit by a constant velocity wind. 
3.3.3.2. Evaluation of roll angle in dynamic case 
In an attempt to describe the complicated dynamic phenomena associated with ship 
heeling, we represent the dynamic stability Up of a ship as the difference between the 
potential energies of the ship heeled at an angle g, and upright at 0 degrees. Since the 
work required to heel the ship by a differential dg, is 
Energy = A GZ(4) d 4 
The total work required heeling the ship up to an angle q, or in other words, the dynamic 
stability U, is expressed by: 
The dynamic stability is therefore directly proportional to the integral under the righting 
arm curve. When the external moment by the wind which is a fbnction of 9, M . cos2 4 , is 
applied, the ship's equation of motion, taking into account that water is acting as a 
damper to the rolling of the ship, becomes: 
with initial conditions: 
where: 
A44 represents the moment of inertia of the ship around the roll axis and equals the 
squared radius of gyration, k:, multiplied by the ship displacement converted in 
kg to match the units 
A 4 4  represents the added mass moment of inertia of the hull around the roll axis 
B44 is the roll damping coefficient 
C4 is the restoring force coefficient and has the value of the displacement, 
converted in mass units, multiplied by the gravity acceleration g , (C44=A g) 
Because the offsets of the hulls studied for the purposes of this research are not known, 
the only known value in equation (12) is C4. The values AM, &, B44 will be calculated 
making some assumptions. The value that can be calculated most readily is AM making 
the assumption that the radius of gyration is one third of the beam of the ship. 
For h4 and BM the following procedure will be followed: 
Step 1: It is known that if the sectional added mass, ~144 and b44 is given for each section 
of the ship at any position-x then integration of this along the length of the ship will give, 
consequently, the values of A 4 4  and B44. The sectional added mass terms, c 4 4  and b44, can 
be found by solving the 2-D hydrodynamic problem shown in Figure 1 1 " . 
I '  Principles of Naval Architecture Volume 111 Figure 46 at page 62 
Figure 11: Two dimensional strip theory for the calculation of w, b44 
Then, using strip theory the values of the added mass terms for the whole ship, A44 and 
B4, can be determined by using the following equations: 
Step 2: As the exact offsets of the ship are not known, the exact calculation of sectional 
coefficients, ~ ~ 4 4  and bM is impossible. The use of experimental results is necessary. Using 
Figure 46 on p.62 of PNA (Principles of Naval Architecture Volume 111) we can obtain a 
non dimensional sectional added mass moment of inertia and damping coefficient in roll 
for a rectangle of beam B and cross-sectional area A, as a function of non-dimensional 
frequency of the motion. A mean value fiom these charts is chosen as: 
The purpose of this thesis is not to derive the exact values of the added mass terms but to 
predict the roll angles experienced by the ship under high speed winds in the dynamic 
case. Because the added mass moment of inertia is very small compared to the moment of 
inertia of the ship and because doubling the damping coefficient will change the 
maximum roll angle by less than four percent, we can assume the validity of the above 
values from the chart given in PNA. In the following step, a method of finding the added 
moment of inertia and the damping coefficients of a slender body when sectional 
coefficients are known in any position of the ship will be presented, for future reference. 
Step 3: Using Figure 1212 that shows the waterplane area of the DD(x) at draught 
waterline, a function of the half-beam of the ship can be obtained. 
Pos: x=182.88 Pos : x=69.494 Pas:O 
Figure 12: Beam of the waterplane area as a function of ship length 
So the function of the half-beam of the ship with respect to the longitudinal position (bow 
defined as x=O) is given from the following formulas: 
B=0.173446*~  for 0 5 x 5 69.494m 
B = 12.0548 for 6 9 . 4 9 4 m ~ x ~ I 8 2 . 8 8 m  (15) 
Assuming that draft remains unchanged for the entire length, the cross-sections of the 
ship will be rectangles of different beams and same drafts with an areaA = BwT. 
Therefore combining the equations (13), (14), (15), A44 and BM can be written down as: 
The solution of the above integrals in order to obtain a value for the 4 4  and B44 terms is 
shown in Appendix 11. A factor of two at the integrals exists for calculate A44 and B4 for 
the whole ship as the hnction B is giving the half beam. 
This step is created to generate a reasonable procedure of getting these coefficients and it 
can be used as a reference in fbture utilization, when the sectional added mass terms and 
the offsets of the ship are known exactly. 
Inputting the values of A44, B44 and C4, the MATHCAD 120 gives the function of the 
roll angle versus time, cp(t). Given these values and the capabilities of the program, a 
maximum roll angle when the wind gusts fiom zero to the prescribed value, is calculated. 
After a long period of time (P>O), the roll angle should coincide with the static roll 
angle. 
Both the static and dynamic roll angle calculation procedures for all the cases examined 
are shown in Appendix 111. 
chapter 4: simulation ~ e s u l  t s  
4.1. R ~ S U  7ts with zero i n i t  fa 7 conditions 
This chapter presents the simulation results as predicted by the model proposed in 
Chapter 3. The need to obtain roll angles for a) static and dynamic cases, b) three 
different hull types, c) two different initial metacentric heights, d) four different wind 
angle of attack, and e) twenty six wind speeds in the range of 50 to 100 knots in steps of 
two knots, produces a large number of required simulations (1248 combinations) that 
would be very tedious to run manually in the MATHCAD 1 2 0  code. 
In order to accommodate this large number of runs, a MATLAB0 code is developed that 
uses the equations described in Chapter 3 to statistically and graphically obtain the roll 
angle values for all described cases. This code is included in Appendix IV. The validity 
of the MATLAB0 code was verified by cross checking the results that each program 
gives for certain cases. 
Tables of the roll angles of ship heeling for both static and dynamic cases for each hull 
form and each initial metacentric height for all the combinations of wind speeds and 
directions are presented in Appendix V. 
In what follows, the results for static and dynamic cases are presented in graphic format. 
The x-axis and y-axis in the graphs represent the wind speed in knots and the roll angle in 
degrees, respectively. 
At the end of this section a table and a graph for the worst-case scenario (this happens at 
beam winds [8=90*]) are also constructed which will help to make the comparison. 
4.1.1. Tumblehome Hull Form 
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Figure 13: Equilibrium roll angles for static case (Tumblehome GM=l.Sm) 
Wind Speed Va (knots) 91 knots 
Figure 14: Maximum roll angles for dynamic case (Tumblehome GM=l.Sm) 
Wind Speed Va (knots) " - ' 
Figure 15: Equilibrium roll angles for static case (Tumblehome GM=2.0m) 
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Figure 17: Equilibrium roll angles for static case (Wall Sided GM=l.Sm) 
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Figure 19: Equilibrium roll angles for static case (Wall Sided GM=2.0m) 
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Figure 20: Maximum roll angles for dynamic case (Wall Sided GM=2.0m) 
4.1.3. Flare-Sided Hull Form 
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Figure 21: Equilibrium roll angles for static case (Flare Sided GM=l.Sm) 
1. 
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Figure 22: Maximum roll angles for dynamic case (Flare Sided GM=l.Sm) 
Wind Speed Va (knots) 
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Figure 23: Equilibrium roll angles for static case (Flare Sided GM=2.0m) 
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~ i g u r e  24: Maximum roll angles for dynamic case (Flare Sided GM=2.0m) 
4.1.4. Discussion of the results 
As can be seen fiom Figure 13 through Figure 24 as well as fiom the data presented in 
Table 1 and Table 2, the tumblehome ship of initial metacentric height of 1.5m will 
capsize if it will experience a beam wind gust of over 90 knots. In reality, there is a 
possibility that capsize will occur earlier. The maximum righting arm appears at an angle 
of inclination of 28 degrees. Since the MATLABO code doesn't break down until the 
wind speed becomes 91 knots, it can be accepted, for the purposes of this thesis, that the 
ship will withstand beam winds up to 91 knots. 
T a b  I: Dynamic case roll angles as a result of several wind speeds at 
Wind Speed (kts) 
I08 
Tumblehome for GM=I.Sm 7.34 11.63 17.51 26.21 40.17 Capsize 
Tumblehome for GM=2m 5.35 8.1 1 11.68 16.07 21.19 27.39 
Hull Form Wall Sided for GM=I.Sm 7.39 10.79 14.99 20.22 26.14 32.25 Wall Sided for GM=2m 5.29 8.02 11.21 14.58 18.44 23.05 
Flare Sided for GM=1.5m 7.41 10.42 13.95 17.99 22.37 26.85 
-- - -- I Flare Sided for GM=2.0 m 1 5.68 1 8.02 1 10.741 13.87 1 17.34 1 21.02 1 
Table 2: Static case roll angles as a res 
L - . - -  L 
. a - n - - - ' .  
Flare Sided for GM=I.Sm 3.97 5.52 7.34 9.39 11.71 '. :t14.33 
Flare Sided for GM=2.0 m 3.01 4.24 5.67 7.28 9.08 11.08 
It is obvious from a comparison between Table 1 and Table 2, that when a ship receives a 
wind which is gusting fiom zero up to a nominal speed the ship will heel at a maximum 
angle which is almost twice as much as the angle of equilibrium. Provided that the wind 
continues to blow at this nominal speed for some periods of oscillation, the ship will 
remain heeled at an angle equal to the angle of equilibrium which is found under the 
study of static case. F7., XIy,J@qg& ;::. I - #41a.r 7,. &, - !; ;.;73?rPY,>2T:$ a '  8 X  - < &  
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Figure 25: Dynamic case maximum roll angles for all hull forms and GMs at O=!loO 
Figure 25 presents the maximum roll angles obtained for the dynamic case for the range 
of speeds fkom 50 knots to 100 knots for all the different hulls examined. It can be 
observed that in the case of initial metacentric height of GM= 2.0m, the difference 
between the three different hull forms is less than the difference observed for the GM= 
1.5m case. For both cases, however, roll angles in the vicinity of wind speeds of 50 knots 
are essentially the same but they tend to deviate as the wind speed is increased. It should 
be noted that in the case of the initial metacentric height of 1.5m the deviation is much 
bigger than the deviation occurs with initial metacentric height of 2.0m. 
In any case, as it can be understood by graphs and table, the flare sided ship is superior in 
terms of stability. Wall sided ships are less stable, while the tumblehome ships show the 
least desirable stability under high winds' effect. 
As claimed by NAVSEA experiments on tumblehome hulls, the adequate metacentric 
height for a ship of this kind to be stable is 2.0m and more. This is also confirmed by the 
presented calculations. 
The graphs presented in paragraphs 4.1.1-4.1.3 demonstrate that the roll angles decrease 
as a ship veers in a way to reduce the wind angle of attack to less than 90'. The reduction 
of the angles of roll becomes greater as the angle between the wind and the ship is 
reduced. Consequently, a ship which is going to experience bad weather conditions has 
two options: one is to try to avoid the weather if time permits and the other, if there is no 
time to avoid the weather, is to keep a course as parallel as possible to the direction of the 
blowing wind. 
Also, it must be mentioned that a ship will capsize from combined effect of wind and 
waves. In the above calculations only the effect of the wind is given. In reality with both 
wind and waves, capsize will occur in much lower wind speeds. 
4.1.5. Validation of the code 
4.1.5.1. Analytical Solution 
This section is devoted to validation of the MathCADO code. In order to do so we 
investigate a special case where analytical solutions exist and compare the results with 
the numerical solution given by the code. The dynamic case problem, expressed by 
equation (12), can be solved analytically for very small angle of heeling. This relates to 
the physical scenario that small heeling moments are applied to the hull of the ship by the 
wind. 
In that case equation (12) can be written in the form: 
where we use the approximation for small angles: cos2 4 = land 
GZ=GM.sin(4)=GM*+ 
Using an initial metacentric height of 2.0m, a wind speed of 10 knots that should produce 
a small heeling moment ( M I O  =5.75 1 -lo5 ~ m )  and the values for A44, h 4 ,  B44 and C44, as 
they can be obtained from Appendix 111, equation (17) becomes: 
This linear second order differential equation can be solved analytically using simple 
mathematics. The roll angle as a function of time is given by: 
The graphical representation of this function of time can be obtained by any 
mathematical software and it has the shape of Figure 26: 
e ,  
' , ' ' Figure 26: Graphical representation of analytical solution 
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where II(cp) is the cubic spline created to fit the righting arm curve. 
The MathCAD solution to this non-linear equation is graphically represented in the form 
of the roll angles versus time, in Figure 27: 
Figure 27: Graphical representation of the numerical solution 
. . .  . . .  
A comparison between the numerical and analytical results demonstrates:: : 
For long equilibrium times (t =1000secs) the code suggests a roll angle of 0.127 
degrees, while the analytical solution gives a roll angle of - .  . . . . 
lim[ M1o I (1 + e".0185t) =O. 13, a discrepancy on the order of 2.3%. GMDC44 , . . . 
..','r. . From the graphs one can obsiee that -iflir 200 seconds the n&ber of cycles will 
. . be equal for both cases. . . 
..* The local first maximum can also be evaluated for both cases. The maximum roll 
- angle can be directly derived from the analytical and numerical roll angle 
functions, which turn out to be 0.225 and 0.242, respectively, thus an error of 7%. 
These small deviations between numerical and analytical predictions can be attributed to 
the cubic spline approximation which only approaches reality in the vicinity of small 
positive angles. In fact, the tangent of the cubic spline at zero is smaller or greater than 
the initial metacentric height depending on the case. 
4,2, ~ e s u 7 t s  when in i t ia7  conditions are non zero 
All calculations and graphs assume that the ship, before the wind gusts, was at rest, which 
means that the sea was calm and the initial angle of heeling and the initial angular 
velocity were zero. This however, is not realistic. A ship moving on the waves will gain 
some angle of inclination or some angular velocity under several circumstances. The 
following two case studies examine the results for dynamic case rolling angles when (I) 
there is an initial angle of inclination (caused i.e. by a turning of the ship or an angle 
imposed by damage) and (11) initial angular velocity (caused i.e. fiom a wave striking the 
ship from the side and providing the energy to the ship to start oscillation). These two 
cases intensify the problem if the application of the moment applied by the wind is in the 
same direction as the initial angular velocity or the initial angle of heeling. This will 
contribute to the generation of larger rolling angles and the reduction of the maximum 
wind speed that the ship can withstand without capsizing. 
For the purposes of these case studies, the MATLABO code created in previous steps, is 
used to run the combination of each hull form and each of the two initial metacentric 
heights for a range of speeds fiom 50 knots to 100 knots in increments of 2 knots. For the 
first case study an initial angle of six degrees of inclination is assumed. For the second 
case study an initial angular velocity of 0.1 radfsec is examined. Those two values cannot 
describe the real and complex nature of movements of the ship in a rough sea, and they 
are arbitrary, but they are indicative of the deterioration of ship stability. 
Tables and graphs of the resulting maximum rolling angles for both case studies in each 
of the above mentioned combinations are presented in Appendix VI. In the following 
sections, a comparison of the results for each hull and each initial metacentric height for 
the worst-case scenario of beam winds [0=90°] is presented. The resulting graphs show 
that for all types of hull, and both initial metacentric heights, the ship becomes more 
vulnerable to capsize in the dynamic cases where the maximum roll angles are bigger for 
the whole wind velocity range when initial conditions are applied. [0=90°]. 
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Figure 29: Comparison for different initial conditions (Tumblehome GM=2.0m) 
4.2.2. Wall Sided Hull Form 
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Figure 30: Comparison for different initial conditions (Wall Sided GM=l.Sm) 
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Figure 31: Comparison for different initial conditions (Wall Sided GM=2.0m) 
4.2.3. Flare-Sided Hull Form 
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Figure 32: Comparison for different initial conditions (Flare Sided GM=l.Sm) 
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Figure 33: Comparison for different initial conditions (Flare Sided GM=2.0m) 
Chapter 5 :  Future Steps 
This thesis is a small part of a larger project whose purpose is to evaluate the behavior of 
tumblehome ships when underway in a stormy environment. As was earlier discussed, 
tumblehome ships are of special interest as they are in the fbture plans of many navies 
around the world for construction and acquisition. 
In order to conduct the necessary analysis, assumptions are made. These assumptions are 
an unavoidable consequence of the lack of exact information concerning the shape of the 
hull of the new US Navy tumblehome ship, which is presently in the feasibility stage of 
design. Furthermore, this project neglects some of the details of the environmental 
conditions, as their complicated nature prohibits a more rigorous analysis. In fact, 
specialized work needs to be done in order to better evaluate the statistical weather 
conditions that dominate in the areas that the ship will operate. 
The purpose of this chapter is to summarize the assumptions made in this thesis. This 
aims in helping fbture researchers to outflank the deterrents posed by these 
simplifications and to proceed with more accurate calculations as detailed information 
about the ship characteristics become available. 
5. 7 .  Uniform wind 
During this project, the wind velocity profile was assumed uniform throughout the 
superstructure. As is shown in Figure 34, a wind, with nominal speed of 100 knots at a 
height of 10m, would not have the same value at all heights above the waterline but its 
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Figure 34 : Wind speeds (kts) at various heights (m) above WL (Nominal speed lOOkts at 10m) 
Therefore, in order to calculate exactly the forces and moments applied to the hull by the 
wind, one need to take the integral of the velocity profile over the hull. For that reason, 
wind velocity profiles should be constructed for several nominal wind speeds. 
Therefore, in order to calculate exactly the forces and moments applied to the hull by the 
wind, one needs to take the integral of the velocity profile over the hull. Wind velocity 
profiles should be constructed for several nominal wind speeds. 
A further step would be the refinement of the curve shown in Figure 34 to account for the 
cases where a ship is sailing in an area with large ocean breaking waves. The wind 
velocity profiles above those waves need to be studied using both numerical and 
experimental methods. This will contribute to the construction of reliable wind profile, 
which would probably deviate from the shape of Figure 34 in a region fi-om the ship 
waterline to a height above the waterline that depends on the wave heights. 
5.2. C, calculation 
The drag coefficient CD used for the calculations was assumed to be equal to one 
(CD=l .O). In reality, however, the drag coefficient is a function of angle of heeling of the 
ship. Apart fi-om the height-dependent wind speed, the actual force applied on the hull by 
the wind is given by the formula: 
The lateral horizontal force applied by the wind, Fwind and the corresponding drag 
coefficient, CD can be obtained by a wind tunnel test on a model of the actual ship. The 
moment produced on the ship model by the wind can be measured and by appropriate 
scaling of results fi-om wind tests the full scale ship moment applied by the wind can be 
calculated. An example of an arrangement for tests in wind is shown in Figure 3513 








Figure 35: Arrangement for model tests in a wind tunnel 
5.2.1. Model Set-Up 
The ship model that would be used for wind tests should comply with the following: 
The model should copy the shape of the actual ship above the waterline 
All sharp comers in the actual ship should be resembled in the model in order to 
simulate separated flow 
Main fittings on the exposed decks and superstructures should be modeled and 
fitted properly 
The size of the model should be determined in order to make the blockage ratio to 
the wind tunnel less than five per cent [5%]. The blockage ratio is defined as the 
ratio between the lateral projected area of the model above the waterline and the 
area of the test section of the wind tunnel 
5.2.2. Wind Characteristics 
The wind speed should comply with the following: 
The minimum wind speed to perform tests should be over the critical Reynolds. 
number, after which C' is constant ( for the same angle of heeling) 
The wind speed versus height should model the atmospheric boundary layer over 
the ocean 
The effects of end plate (due to its shape, size, roughness, etc.) and of the gap 
between end plate and model should be minimized 
5.2.3. Test Procedure 
The lateral horizontal force Fwind and the heeling moment due to wind Mwind are obtained 
by the wind tunnel test measurements. Co is calculated according to Equation (21), for 
the actual value of air density during tests. 
Model tests should be carried out in compliance with the following: 
Before tests are carried out, the vertical and horizontal distribution of the wind 
speed at the model position should be verified. 
Tests should be carried out in upright position and at some heeling angles with 
appropriate increment to leeward and windward covering a sufficient range of 
heeling angles. 
The change of trim due to heel can be neglected. 
It is understood that as a ship heels to large angles the use of C O S ~ ~  for the exposed area 
does not constitute a rigorous approach. In fact the exposed area can significantly deviate 
from this cosine fhction. 
Figure 36: Projected to the wind area as the ship heels 
As is shown in Figure 36, the projected area to the wind can be calculated by the sum of 
B 
two components Fr cos(4) + - sin(@) .
2 
where 
Fr = is the freeboard of the ship before the heeling and 
B = the beam of the ship at the new waterline 
In order to calculate the refined roll angles in the case when the waterline is rising as the 
ship heels, the MathCAD code has been modified. In what follows, the governing 
equations will be derived and a comparison of the results between the two cases, when 
the waterline is rising and when it is not, will be conducted. The equations described in 
paragraphs 3.3.1, 3.3.2, 3.3.3.1, & 3.3.3.2 will be transformed in order to take into 
account the effect of the rising waterline. Equation (1) can be written as: 
where 
Hj represents the fi-eeboard Fr and 
Bj represents the beam at various longitudinal positions 
The force on a surface can then be derived using the transformed equation (6). The effect 
of the heeling, represented by the angle cp, is included in the flj 
1 20 Fl(Va, 8,@) = - pair CD (Va sin f l(@, j) 2 i=o 
Equations (7) and (8) are transformed accordingly to the following: 
1 Hj Bj + 1 Hj+l Bj + 1 dl(#, j) =--fl(#, j)*(--cos#+-• sin#+-*cos#+-• sin 4 + Draft cos 4) (24) 
2 2 4 2 4 
Equation (24) represents the moments applied to each of the trapezoids. The total 
moment applied to the hull by the wind can therefore be calculated as the sum of all the 
moments 
1 20 Ml(Va, @) = - p a i r  CD (Va sin 6)2 C dl(@, j) 
2 i=o 
Again, the external moment applied by the wind is a fimction of cp, but this time is 
included in the expression of the moment and it is not proportional to cos2 4 .  
Consequently, the dynamic case equation which yields the roll angle now reads: 
with initial conditions: 
One has to give an input for the wind speed and direction in order to obtain the roll angles 
for the case when the waterline is rising as the ship heels. Figure 37 represents the 
difference between the two previously mentioned cases. The two codes were run for the 
tumblehome ship with the initial metacentric height of 2.0 meters, for a wind speed of 80 
knots, with a direction of 90 degrees (lateral to the ship). The red line shows the roll 
angle versus time when the rising of the waterline is not taken into account, while the 
blue dotted line represents the roll angle produced by the contribution of the waterline 
rising. It is readily observed that in the case when the waterline is rising, the roll angles 
are amplified due to the larger area exposed to the wind. 
Figure 37: Effwt of the rising of the waterline to the rolling of the ship 
The enhanced code used to calculate the above cases is included at the end of Appendix 
I11 and it can be used to further investigate the roll angle for different ranges of wind 
speeds, different hull types andor varying initial metacentric heights. 
In the evaluation of the dynamic case rolling angle, the calculations of the added mass 
moment of inertia, &, and the damping coefficient, BM were performed. 
During analysis the ship examined was considered to have rectangular cross sections, 
with a beam B, where B is the beam of the ship at the waterline at each longitudinal 
position, and a draft T, which is assumed to remain constant for the entire length of the 
ship. These assumptions are a good approach to the calculations of the required 
coefficients, since the ships' offsets are unknown. 
For additional accuracy, the ship offsets are needed. With the ship offsets in hand, exact 
cross sectional calculations of the ship at each longitudinal position are possible. A 
diagram of the two-dimensional added mass and damping coefficients for each cross 
section should also be constructed experimentally. Once both are available, integrating 
the 2-D cross sectional coefficients along the length of the ship using numerical methods, 
will generate the added mass moment of inertia, and damping coefficient, B44 for the 
entire ship. 
The added mass moment of inertia and damping coefficients used for calculations made 
in this project are estimates. The added mass moment of inertia, &, is a small portion of 
the ship moment of inertia Ad4; consequently it would not play a dominant role on the 
change of the maximum roll angle. 
Finally, BM controls the number of cycles the ship will need to oscillate until it reaches 
the equilibrium angle, and its contribution to the maximum roll angle is also limited. 
5.5. Forces and moments applied by the waves 
It was first assumed that the ship was initially at rest. Subsequently, it was shown that the 
rolling angles are worse when an initial angle of six degrees or an initial angular velocity 
of 0.1 radsec was imposed. In reality, the magnitude of these initial conditions is 
determined by the environment in which the ship is moving. The dominant role is played 
by the waves. To define the forces and the moments that are applied on the hull of the 
ship, extended research on the wave velocity profiles should be conducted. In the 
simplified scenario that the waves are linear, the corresponding velocity profile can be 
directly obtained. However, in cases of large breaking waves, the velocity profile gets 
complicated and should be further studied, numerically and experimentally. Once a 
profile of velocities under breaking waves is obtained, then the forces and moments 
produced by wave-action can be calculated with more accuracy. 

Chapter 6:  Costs Associated w i t h  Capsizing 
6. 7 .  Causes o f  Capsizing 
Bad weather conditions appear to be the most important single cause of ship losses. As it 
can be seen in Table 3, severe weather conditions are responsible for the thirty per cent of 
ship losses occurred in the decade 1989- 1999. 






I Total 1 183 1 171 1 1214 1 1568 
16 
Other 
Special caution should be taken when analyzing these results. Despite the observation 
that bad weather is the dominant factor there are a number of several other hidden 
reasons that can eventually lead to ship capsizing. Capsizing can in fact be the result of 
some specific existent environmental conditions in which a ship is moving combined 
with some human errors that take place, either before or during the trip. The exposure of 
the vessel to the extreme environmental conditions can therefore be the result of these 
human errors. Furthermore, human errors, imposed during the design process, weight 
growth modifications, loading or handling of the ship, can cause reduction of its reserve 
stability, resulting in a vessel more vulnerable to heavy weather where heeling moments 
are applied by the winds and waves, at the same time, and where synchronicity with 
waves can happened. Figure 3815 schematically shows a fault tree of combined human 
actions and environmental difficulties that can lead to capsize. 
71 
64 
l4 Source: International Underwriting Association (IUMI Conference, London 2000) 











372 473 (30%) 
307 372 (24%) 
Figure 38: Fault tree for capsize 
6.2. Identification o f  the Costs 
The aspects of marine casualties, in terms of costs, associated with total loss of a ship will 
be briefly discussed. Thorough knowledge of costs is an important factor that should be 
taken into consideration when developing safety regulations and systems, or when 
characterizing the severity of vessel casualties or dealing with the risk assessment. The 
objective of this section is therefore to identify the prevailing cost variables, and to 
estimate their values where possible. 
6.2.1. Costs Applied to the Shipping Industry 
The direct cost of total loss of a seagoing vessel falls to the following categories: 
6.2.1.1. Seafarers and Passengers 
Some of the possible prospective costs are summarized below: 
Loss of life, personal injury or incapacitation. This can raise claims from the 
seafarers' party in order to have their livelihood assured. 
6.2.1.2. Vessel Owners 
The direct costs that an owner has to pay because of an accident that resulted in vessel 
total loss are: 
The physical loss of a vessel. This could be compounded by financial loss if: 
a) the ship has secure employment, and therefore a guaranteed income 
stream, 
b) the owner is accused and found guilty for negligence, thereby forfeiting 
any right for compensation. In general, the insured value of a ship is 
usually bigger than its actual market value. 
Higher hull and machinery (H&M) insurance premiums. These costs are 
applicable only if the ship-owner replaces the lost ship and/or if he owns other 
vessels. 
Loss of fieight earnings fiom a voyage during which the loss occurs, assuming 
that the ship is on charter. The non-llfillment of a charter can, depending on 
market conditions, involve a significant loss of revenues. 
Compensation claims for oil pollution-related environmental damage. 
Other third-party claims for compensation if an accident occurs. For example, 
such claims could originate fiom members of the crew or passengers as a result of 
personal injury or crew relatives in response to death of crew members. Likewise, 
when cargo is lost, the cargo owner, the charterer or the shipper may claim his 
rightful compensation. 
Higher subsequent P&I insurance premiums as a result of such claims, as 
mentioned above. 
Adverse public relations, although this depends on how well recognized the 
company is. For example, a large multinational oil company such as Exxon 
incurred significant adverse publicity after the 1989 oil spill fiom the "Exxon 
Valdez". On the other hand, few independent ship-owners are known to the 
general public, so these suffer little risk of consumer boycotts, or other direct 
action against a casualty incident. The potential harm that adverse publicity can 
cause to a well-known corporation has driven many oil companies in distancing 
themselves from direct ownership of tankers in recent years. This has been 
achieved by providing independent ship-owners with long-term time charters. 
Also, unfavorable publicity can lead to a possible decline in the share price and 
capitalized value of the ship-owner if the involved, in a ship loss, is a well known 
company. 
Potential loss of confidence from charterers or shippers, if the owner is considered 
to be responsible for the loss of the vessel. 
Direct financial penalties, if the company is found to have violated national or 
state legislation (These penalties are generally more applicable to incidents 
including environmental damage rather than total losses, even though fatalities are 
more frequently associated with the latter case). Depending on the magnitude of 
the offence and which country's regulations have been breached the size of 
penalty may vary accordingly. 
The costs of litigation, in case the company gets sued for its actions, plus those of 
enacting any sentence imposed. These can be significantly large should a serious 
pollution has arisen. 
A lowering of the owner's credibility, potentially affecting the willingness of 
some banks to lend money to him afterward. 
6.2.1.3. Charterers I Shippers I Cargo Owners 
Although this category has not full access to the ship loading or the conditions in which a 
ship operates, they might suffer possible costs that are related with: 
The potential loss of a cargo. This can have serious consequences if: 
a) The commodity being carried possesses a high inborn value. 
b) Its loss prevents the operation of an industrial facility to which it is to be 
delivered. (This can apply even if the cargo has a relatively low unit value, 
e.g. iron ore). 
c) The charterer or shipper does not insure his cargo. 
Adverse publicity if the charterer is widely known. However, many charterers are 
not necessarily largely known outside the shipping industry community; 
M e m o r e ,  to minimize the risk of suffering bad publicity, some large 
organizations charter under names that differ from their respective prime 
corporate identity. 
6.2.1.4. ClassXcation Societies 
The classification societies have suffered much obloquy for their alleged "complicity" in 
some of the worst shipping casualty incidents of recent years. Classification societies that 
ignore international regulations face, consequently, the following costs: 
Adverse publicity if a vessel is in an accident arising fkom a serious defect that 
should have led to the society withholding class until it had been rectified. 
Third-party compensation claims, if the society has been negligent or has willhlly 
failed to impose class requirements, resulting in an accident. The magnitude of 
such penalties varies, depending on the severity and nature of the incident and the 
legal jurisdiction under which the claim is being pursued. However, societies 
generally include in any contract with their clients a clause releasing them fiom 
liability. 
6.2.1.5. Shipbrokers 
Apparently, whether a broker is even involved in a voyage that results in a casualty 
incident depends on the type of ship and whether its owner is not otherwise able to deal 
directly with a charterer or shipper to secure employment for his vessel. A shipbroker can 
suffer costs relating to damage caused by a substandard ship if: 
I. He fails to advise the buyer or the charterer of a ship that he is merely acting on 
behalf of the vessel owner, rather than acting as a principal himself, when 
relaying information and expressing opinions about the ship. 
11. He does not notify the charterer of any obvious defects that the vessel may have 
which are subsequently found to have been responsible for any loss or damage. 
In such situations, the broker is deemed to have acted negligently and the costs that he 
will face in a case of total loss of the vessel are coming fiom: 
Compensation claims fiom charterer / cargo owner. 
6.2.1.6. P&I Clubs 
These tend to suffer a higher incidence of compensation claims if a club has provided 
P&I cover to the owner of a substandard ship. Such vessels are associated with a greater 
likelihood of accident than well-maintained, well-operated tonnage. Some clubs exercise 
strict risk assessment procedures, including the inspection of ships for which their clients 
seek P&I cover. However, others rely merely on proof being available that the ship 
complies with class requirements. The costs brought upon P&I clubs are: 
Remuneration of third-party compensation claims for loss of life, personal injury, 
loss of cargo & environmental damage if the vessel owner forfeits his right to 
limited liability. 
6.2.1.7. Marine Underwriters 
Companies that provide hull & maintenance insurance suffer various costs in the event of 
an accident. These include: 
Reimbursing the owner for the insured value of a ship that has been an actual total 
loss. 
6.2.1.8. Banks and Financial Institutions 
Past experience shows that some high profile banks have let themselves become 
excessively exposed to bad credit risks by lending to owners of questionable merit and 
credibility. However, many other banks take a more responsible stance and exercise 
stringent controls on the tonnage on which they will lend and the owners to whom they 
will provide the respective funds. Depending on how careful they are, banks can in theory 
face the following costs: 
Financial loss if a vessel on which it has given a mortgage sinks and the owner is 
found to have been negligent, so forfeiting any right to compensation. However, 
in practice, the bank would have required some guarantee as a condition of the 
loan, so should recover the balance of the mortgage regardless of the loss of the 
ship. 
Financial loss if a vessel owner proves to be insolvent. 
Direct fines, but only if the bank is actively involved in the operation of a ship, 
rather than being a mere lender. However, this situation could change if the bank 
had reason to foreclose on a mortgage and thereby became a lender in possession. 
Furthermore, under leasing arrangements, a bank is effectively the owner of the 
ship. As such, it could therefore be liable to any penalties imposed. 
Table 4 summarizes the costs described above: 
Table 4: Direct costs of ship total loss for respective parties 
Party Potential Costs Incurred 
Seafarers / Passengers Loss of life /personal injury 
1 I have resultedfom ship owner S negligence. I 
Ship-owners 
I 
Reduction in credit rating 
Loss of insured vessel 
Higher H&M insurance 
Third-party compensation claims 







Possible disruption to operations at facility to which cargo is being 
delivered 
Adverse publicity 
Loss of vessel 
Financial penalties 
Payment of insured value of vessel provided that loss is not proven to 
P&I Clubs 
Classification Societies 
Payment of third-party compensation claims for loss of life, personal 
injury, loss of cargo & environmental damage. 
Adierse publicity 
Financial penalties 
Shipbrokers Com~ensation claim fiom charterer / cargo owner 
6.2.2. Costs outside shipping industry 
The cost of ship losses has also implications on the society through the damage caused to 
the environment. The estimation of damage to the maritime environment through an oil 
or chemical discharge and whom it may concern is a very difficult task in the present 
state of knowledge. But it is almost certain that would cause: 
physical effects on the biological environment 
lost recreational values 
effects on the tourist industry 
economic consequences for the fishing industry 
cost of restoration measures 
6.3. Va Iues o f  severa I damages 
As it becomes evident from the previous sections, calculating the costs associated with 
the total loss of the vessels can be an extremely complicated procedure. Taking into 
account that the collection of cost data is a cumbersome and time-consuming task, their 
calculation is almost impossible for anyone having no direct access. In fact the ship- 
owners' cost data can be characterized as trade secrets and therefore kept unexposed to 
the general public. Therefore, the various costs involved will be estimated as a whole, as 
its categorization to the several related parties is beyond the scope of this thesis. Hence, 
based mainly on published and web sources, this study will try to collect statistical data 
of several accidents under extreme weather conditions that led to the total loss of the ship. 
Furthermore, this data will be analyzed, and approximate values for each case will be 
applied in order to calculate an estimate of the total loss cost of a vessel. In future steps, 
when available cost data is available, the methodology and formulas derived below can 
be enhanced, in order to give more accurate estimations. 
All costs quoted are 2006 prices and expressed in US dollars. The inflation rate used to 
modify some of the prices to present value of money (NPV - Net Present Value) was 
assumed to be two percent (2%). 
6.3.1. Value of Life 
Any attempt to put a value on human life runs into a number of difficulties, the most 
fundamental of which is the objection that the value of life cannot be measured in 
monetary terms. However, as a part of everyday performance of both the legal system 
and the insurance industry, such evaluations must be, and are regularly carried out. An 
extensive literature exists on the value of human life and only the adequate price 
estimates will be quoted. 
The value of human life is measured in two ways: a) in terms of a person's expected 
lifetime earnings and b) in terms of industry's expenditure on safety measures per life 
saved. The first method gives an estimated value of the life of a seaman to be about 1.2 
million US$(1980); the second method estimates the value to be 1.4 million ~ ~ $ ( 1 9 8 0 ) ' ~ .  
The value of human life lost in a road accident can be calculated, for several countries 
and these costs are given below: 
Great ~ r i t a i n ' ~ :  902,500 Great Britain Pounds per fatality (1994) 
United States: 2,600,000 US dollars per fatality (1994) 
~ a n a d a '  *: 2,900,000 Canadian dollars per fatality (1 998) 
Australia: 1,500,000 Australian dollars per fatality (1996) 
In the following table ,Table 5 all the above are converted to US dollars (2006), using a 
common inflation rate of 2% and a conversion rate between different currencies as it was 
on April, 21 2006.The average cost of human life per fatality coming from the different 
methods will be assumed for the calculations carried on from that point: 
The cost of injuries is less a matter of opinion than the value of a life. However, the lack 
of knowledge on the distribution of the severity of injuries makes a detailed analysis 
impossible. A rough average estimate from references [9], [lo], [13] and [14] indicates 
almost 1/30 of the cost of a fatality to be spent for an average injury. Therefore a 77,901 
US$ per injury will be used for further calculations. When using this estimate, it is 
assumed that the severity distribution of injuries in maritime casualties is the same as in 
road accidents. 
6.3.2. Value of Damage to Property 
The second-hand market value is generally assumed to be the best indication of the value 
of a vessel. This viewpoint is adopted here and the values of ships totally lost are taken to 
be equal to their second-hand prices. Published ships sales in the second-hand market 
were collected. Reference [l 11 summarizes the data collected for the sales of second hand 
l 6  Studies on Ship Casualties In the Baltic Sea, P.Tuovinen, VKostilainen- 1984 
''~ccident costing using value transfers, Juha Tervonen,, 1999 
'* Transportation Cost and Benefit Analysis-Safety and Health Costs, Victoria Transport Policy Institute 
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ships for the years 2002-2006 (sales of the first two months of 2006 are included). The 
total number of ships sold each year, the total deadweight tonnage they weighed and the 
total amount of money spent for the acquisition of these ships are presented in two tables. 
Table 6 presents the values for bulk carriers and Table 7 presents the values for tankers. 
Bulk carriers, Ro-Ro, Passenger ships, and Containerships are included in the first 
category. Tankers, Liquefied Petroleum Gas Carriers (LPG) and Liquefied Natural Gas 
Carriers (LNG) fall into the second category. 
The total value of the ship per ton will be assumed as the average of the price for each 
year, converted again to 2006 US$ value. This assumption, while not realistic, is a good 
first approximation that can replicate the market prices cycle. Another assumption is that 
the actual price of a second hand ship that would replace the lost vessel when total loss 
occurred should differ from the price derived from the data collected for the years 
between 2002 and 2006. The fluctuations in the shipping market lead to a 5-year data 
collection of second hand ship prices in order to reflect the average price per ton. The 
number of total losses due to bad weather conditions between years 1960 to present, for 
all types of ships, is about 1890 and it would be extremely difficult to assess the second- 
hand value of each ship separately by taking the known prices of ships of the same type 
and about the same age and size and then taking the average. The method of taking the 
average of the price per ton and then derive a formula, characteristic of the costs 
associated with the total loss, would not be very accurate but it would be indicative and 
usehl. 
6.3.3. Value of Environmental Damage 
The determination of the economic value of damage to the maritime environment through 
an oil or chemical discharge is a very difficult task in the present state of knowledge. As 
the existing data does not provide any information about the pollution magnitude of each 
case, this study will calculate the oil spilled by tankers to the ocean. We will 
consequently make the assumption that in any accident that caused pollution, the whole 
cargo was oil and try to evaluate the cleanup costs which give an indication of the 
magnitude of the economic values involved. According to reference [9], the total cleanup 
costs were about 46,000,000 2006 US$ for 5,500 tons of oil spilled, thus 8,300 US$ per 
ton. Unfortunately all the other physical effects due to environmental pollution, described 
in paragraph 6.2.2, can not be evaluated because the information obtained on the 
economic consequences of the oil spills which have taken place in connection with the 
ship casualties is insufficient and no detailed analysis is possible at this stage. It can be 
mentioned however that the recreational values lost due to the closure of a beach in a 
tourist site during summer period are estimated to be about 30 to 40 millions US$. But, 
these costs cannot be a part of the analysis as the knowledge of the beach closures due to 
pollution caused by an accident is inadequate. 
6.3.4. Value of Cargo 
Cargo damage and its associated cost can only be defined after specifying the case of ship 
accident and the fieight. In this thesis cargo damages will therefore be evaluated using 
the following 2-step procedure: 1) Cost per ton of some of the major goods carried 
overseas will be assigned using web  source^'^. 2) Then, an average of these prices will be 
multiplied by the average deadweight of all the ship lost in order to calculate a non 
accurate but indicative estimate of cargo costs due to a loss. 
Table 8, demonstrates the prices of some of the seaborne commodities carried by bulk 
carriers, containerships and general cargo ships, in US $ per metric ton. It should be 
noted that the following conversions hold: 
1 bushel = 35.24 liters = 27.215 kilograms. Also, 
1 box = 18.14 kg 
1 pound = 0.454 kg 
Table 9, shows the prices, in US$ per metric ton, of goods carried by tankers or LNG 
ships. For clarity of conversion it should be mentioned that the following values where 
used: 
1 gallon = 3.7854 liters 
1 barrel= 42 gallons 
kg Gasoline Densitv = 0.7 3 7 2 2 - 
kg Crude Oil Density = 0.847 - 
It 
kg Brent Oil Density = 0.8 7 3 - It 
kg Natural Gas Density = 0.4 1 - It 
Table 9: Maior commodities carried bv tankers and LNGs 
6.4. Ca Iculat ions 
This section deals with the calculation of the cost relating to ship losses. The presented 
data was collected using a trial version of the software SEA-WEB@, developed by 
Lloyds. The search criteria posed, concern the total ship losses in bad weather conditions 
for the period between years 1960 and 2005. The outputs of this search were: 
Name of the lost ship 
Date of loss 
Number of people killed 
Cargo that the ship carried 
Deadweight 
Gross tonnage of the ship during the loss 
Whether there was a pollution or not 
The extracted data was analyzed and organized in tables, which are presented in 
appendices VII through X. Table 10 summarizes that data: 
Figure 39 demonstrates that bulk carriers and general cargo ships lost under heavy 
weather conditions represent the largest proportion in terms of deadweight percentage. 
The loss of tankers follows by 12%, while the loss of Passengers ships1Ro-RoIFerries and 
containerships is rather uncommon (-1 %). 





Figure 39: Deadweight percentage of totally lost vessels per ship category 
From a number of casualties perspective (Figure 40), however, Passenger 
Ships/Ferries/Ro-Ro are responsible for the largest portion (42%). These are followed by 
General Cargo ships (39%) which increased in proportion due to the great number of 
accidents that happened in this category of seagoing vessels during the last 50 years. 
Tankers, Bulk carriers and Containerships contribute to only a small portion of the total 
fatalities (-1 9%). 
KilledIMissing Persons 





Figure 40: Killed/Missing people percentage due to ship total loss per ship category 
In order to calculate the average costs, as previously mentioned, two major categories for 
the second hand prices will be assumed. Bulk carriers, containerships, passenger ships, 
ferries, Ro-Ro and general cargo ships will be handled as they have the same second hand 
prices. The same assumption will be employed for tankers, LNG and LPG ships. In 
dealing with the lost cargo the same two categories will be used, with the only difference 
being that for ships carrying passengers there is no cargo. For all the other ships their 
gross tonnage will be assumed to be the weight of the lost cargo. Furthermore a comment 
is due on the pollution related costs of ships carrying oil. Generally speaking one can 
avoid the consideration of pollution issues as some of lost oil carrying ships rest on the 
ocean bed with their tanks sealed. It is generally accepted, hwovere, that the highly 
corrosive saline environment of the ocean water gradually degrades the ship with the 
great possibility of oil to escape and create a pollution issue. In order to incorporate this 
issue in our analysis it will be assumed that 50 per cent of the accidents involved tankers 
caused a pollution issue. 
The following table, Table 11, presents the average cost of a total loss of a ship, in 2006 
US$, for each category. The previously mentioned assumptions were used in a 
M ~ ~ ~ C A D @  code that calculated the total cost. The details of these are presented in 
Appendix XI. 
Table 11: Average costs Der accident for each categorv 
7--- ~ - - - " - - 4 - -  
Human -20~7' " ~r j i~o ioos t .  ' c ~  
Bulkcarriers 24,830,000 16,460,000 42,160,000 
"--*-.--".". - -. -". -" .m-- - -""w-- -" - -e  "..""" ", .- - - - - a -- - - - .--e-mm - . - - A  -.em- - -  nla - -  -- 83,450,000 e a" -." e m a  a m  
Tankers I 0,960,000 3,804,000 4,321,000 30,140,000 49,225,000 
Containerships 19,860,000 2,691,000 11 ,I 10,000 
. - - -  . --- --.-.--  . --" - -. - -  - -.me .. ---- ---- -- - - - -  ".. - - - . ..-----a - ---dew nla 33,661,000 "- - 
- General Cargo 8,852,000 1,768,000 5,070,000 nla 15,690,000 -" 
Passenger Ships 1 52,300,000 822,000 nla nla 153,122,000 
6.5. Assumptions & future steps 
This section summarizes the assumption made in our calculations and aims in pointing 
out the simplifications made during the calculation procedure. The lack and 
inaccessibility of data were the primary reasons that led to the following treatement. 
Thus, this procedure may contain inaccuracies that should be improved as more data 
becomes available. The major assumptions made are: 
The value of life is calculated using the value assigned for that in the richest and 
the most economical powerful countries. It is a fact however that the majority of 
seamen (except for the captain) are coming from poor countries (Eastern Europe, 
China and South-East Asia, Africa) where the value of life is considerably less 
than the derived one. Furthermore, accidents are assumed to happen in countries 
that have no strong regulations that would prevent the bad handling of the ship in 
the altar of the ship-owner's profit (overloading, indifference of ship condition 
etc.) 
The value of second hand price is derived fiom the past five year data which 
cannot give with great accuracy the value of a ship sunk fifty years ago. Also the 
analysis made treats all the types of ships as two major categories and the value 
derived is based on the deadweight tonnage as previously described. 
The environmental related cost is calculated as the clean-up costs due to the oil 
spills. Such a physical disaster is usually associated with implications on tourism, 
fishery or wild life. These additional implicit costs are not included in our 
analysis. Finally, the percentage of ships causing environmental pollution (fifty 
per cent of the tonnage carried is spilled to the ocean) was arbitrarily chosen. 
The cargo's value is taken as the average of some products usually carried 
through the ocean routes and the gross tonnage of the commodities carried is 
multiplied by the average prices of these commodities. 
It should be noted that the accurate procedure of fmding the average costs of total losses 
of ships during the last five decades is completed through the following steps: 
Access each case separately 
Calculate the costs associated with this loss 
Convert the total cost of each case in 2006 money value 
Divide the total cost of all ships' losses with the number of cases to find the 
average per ship cost of each case 
6.6. Conc /us ions 
Throughout Chapter 6 we presented estimates of the costs associated with a potential ship 
loss. In what follows we demonstrate how these estimated costs can be used for decision 
making processes, either by ship owners, insurance companies, or even ship 
manufacturers. 
The decision tree for such an evaluation process is: 
Don't FI 
where: 
x is the probability of a fatal accident happening during the designed lifespan of 
the of a ship, Y. 
CT is the net present value of the total cost associated with the ship loss and the 
profits that the ship has contributed until that time. 
Pj is the profit made by the ship in year-j 
The inflation rate is assumed to be constant throughout the years and equal to i, 
while the initial capital investment for buying the ship is denoted by D. 
The earnings in today's money can be calculated as: 
and the expected monetary value of the decision will be 
Consequently, one can make an investment or insurance decision based on the resulting 
EMV. In general positive EMV's denote an investment opportunity where profit is made, 
whereas negative EMV's suggest an incurred cost. It must be noted however that the 
personal preference (risk aversion) of the decision maker has not been included in our 
analysis. There are however advanced theories (utility theory) that can improve the 
previous decision process. 
The above simplified analysis demonstrates the value and use of the estimated costs 
associated with a ship loss. One can make the decision as whether to purchase a ship, 
insure the ship to minimize risk, or simply wait for a better opportunity. Furthermore this 
analysis can be used by ship manufacturers or ship owners to make a feasibility cost 
study of potential routes in reducing the possibility of ship loss, either through reduction 
of the human factor by training personnel or refining the design of a new ship to increase 
its robustness in severe weather conditions. 
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Ap end i x I : DATA USED FOR THE CONSTRUCT I ON OF 91 GHT I NG ARM CURVES 

Nomenclature 
Disp = Ship Displacement in metric tons 
A = Ship Displacement in kilograms. 
Although they defined as above. MathCAD recognizes both Disp and A with units of 
mass. 
-
AM = Moment of inertia of the ship around the roll axis 
A.44 = Added mass moment of inertia of the hull around the roll axis 
B4 = Roll damping Coefficient 
C44= Restoring force coefficient 
N(q) = cubic spline represents the righting arms versus angle of heeling for tumblehome 
(GM=l.Sm) 
%(q) = cubic spline represents the righting arms versus angle of heeling for wall-sided 
(GM= 1.5m) 
O(q) = cubic spline represents the righting arms versus angle of heeling for flare angle 
(GM= 1 .Sm) 
II(q) = cubic spline represents the righting arms versus angle of heeling for tumblehome 
(GM=2 .Om) 
P(q) = cubic spline represents the righting arms versus angle of heeling for wall-sided 
(GM=2.Om) 
E(q) = cubic spline represents the righting arms versus angle of heeling for flare angle 
(GM=2 .Om) 








A p p e n d i x  I I m  CALCULATION OF THE INTEGRALS FOR 
ADDED MASS MOMENT OF INERTIA,  A44 AND DAMPING 
COEFFICIENT, B44 

Draft : T := 8A13m 
*w 
Sea Water Density : 
Ship Half-Beam 
Along the Length: 
Calculation of ,444 
Calculation of 844 

Append i x MathCAD @CALCULATIONS 

ol' sp := 34264 ton 
0 '-
3 
D r a f t  := 8.413111 
I, := 152709.25 - m4 
Note : Unforlumv Mathcad dow nat atrow units hsMc tht bi-at 
=ion solver, that's way some fonnufas are divided by their unit to get 
a dimmsionless number 
SQC it Q4:= b"isp-q-- kg - m 
L,:= 0 .19m : l l m g t J l r ~ f t h e ~ ~ d f h G ~ g u n e w h I c h w c d i $  
dWne the heights of the hufla&ve the watmline 
:ratiooffSleMsU,of~mlsh@ibverfheraBd 
tbe kwh ofthe ship in the figure 
The heighfO Off& huff ahme flle wawne 
Mr She ship of the Wgao?e 
Weight r= 
Ls := Long-Pos . h rn 
The heights of the hull above the waterline 
for the real ship as estimated by multiplying 
with the ratio ;Z 
Aaaa := C f <jl 
j = o  
wsjI2 + Hsj - H s j + l +  (Hrj+l) 2 
a ( j )  := 0 . 5 - ( H s j  + Hsj+l)-(L~j+l- Lr j ) -  ' 
3(Hs3 + Hs j +l) 
"'*' 2 + Draft) 2 +- 
Siaik Case RaIf Amfe 
kor Tumblefiromre Ship with CM=3.5 m 1 
rN ( x )  := M(v,, 8)-ros (x) - Disp-g-r-N (x) 
Far WaR Sided Ship HlRh GM4.5 rn 
rc - (x) := H(v,, 0)-cos (x)' - ~ i r p - g - m - E  ( x )  
Far R a n  Sided Ship Wtb GWk1.5 m 
r0 (x) := M ( v ~ ,  8)-MS (X) '  - D ~ S ~ - ~ - I - O  [X) 
For Tumblehame Ship with GM=ZO rn 1 
S L n  := - - root % ( X I ,  x , o ,  ( x 2  X -u 
Far Wall Sided Ship with GMi2.0 m 
bor Flare Sided ShiD with GW2.O rn 1 
Dr~lamic Case RulJ Anak 
A44+%4=8.62~ 10 8 
ig44 = 3.06 x 10 P 
C44 = 1.269 x 10' 
1 P := H(v,. e) 
Far NrnblehMne Ship with CM4.5 m 1 
G.ivsan 
For Tumblehome Ship with GMg.0 m 1 
Far Wall Sided Ship with CM=1.5 m 1 
G-ivmn 
d2 d 2 ( 4 4 + ~ 4 ) - - 0 < t )  + f344aZ+<t> + C ~ ~ - E ( $ < ~ I ) = D - M ~ ( $ C ~ ) )  
dt 
)Far Flare Sided 5 h i ~  with G W I  .5 rn I 
For H m  Sided SMp wt(h Ollle2.0 m 
Isivan 
Samples of MathCAD runs 
(wind speeds V,=80 knots for different hull forms and different initial metacentric 
heights) 
h e  (sec) time (sec) 
Wall- Sided GM=l.Sm Wall- Sided GM=Z.Om 
15 
Flare-Sided GM=l. 3m F1arc-Sided GM=2.Om 
time (sec) time (sec) 
Enhanced MathCAD code to calculate the roll angles under the effect of 
the rising of the wateline as the ship heels 
Br is the beam of the ship 





Brj  -s in  (4) HSJ+I Brj+1 .s in (4) 
1 (j , 4 ) :  , C O S  ()) + 4 +-. COS (4) + 4 + Draft  - cos (4) ) ) 
For given wind speed and Va and wind direction 0 in respect to the ship, Dl is function 
of 9 only 
For Tumblehome Ship with GM=1.5 m I 
G i ven 
4(0)  = o  4 '  ( 0 )  = 0 
41 :=Odesolve ( t ,  200) 
For Tumblehome Ship with GMz2.0 m I 
G i ven 
d2 d (a44 + ~ 4 4 )  , 7 7 4  ( t )  + 844 ( t )  + C44 (4 ( t ) )  = D l  (4 (t) ) 
4(0)  = o  (0)  = 0 
42:=Odesolve ( t ,  200) 
For Wall Sided Ship with GM4.5 m I 
G i ven 
d2 d 
+ ~ 4 4 )  .F20 (t) + 844 'dt@ (t) + C44 .E (0 (t)) = D l  (0 (t) ) 
4 0 )  = o  4' (0) = 0 
@:=Odesolve (t, 200) 
For Wall Sided Ship with GM=2.0 m I 
G i ven 
O(0) = o  4' (0) = 0 
pl:=Odesolve (t, 200) 
For Flare Sided Ship with GM11.5 m I 
G i ven 
#i:=Odesolve (t, 200) 
For Flare Sided Ship with GMr2.0 m I 
G i ven 
0) = o  
@:=Odesolve (t, 200) 
Appendix I V :  MATLABO CODE 

CODE: Rollangle 
function rollangle(shipx, ship-y) 
%rollangle is the function that is going to be calculated 
%To change time step size, duration of run (sec), 
%For Changes in the number of time steps and initial conditions go to the function rk4. 
%To change interpolation andlor equationfor dA2\phi - dtA2 go to the function acceleration 
%rair is the density of the air 
%cd is the drag coefficient 
r a i r  = I .2; 
cd = 1; 
%b-a is the quotient of the damping coefficient (B44) with the sum of the moment of inertia and 
added moment of inertia (D44+A44) 
b-a = 3.06186.2; 
%g-a is the quotient of restoring force coefficient (C44) with the sum of the moment of inertia and 
added moment of inertia (D44+A44) 
g-a = 1.26918.62; 
%M-f is the function that gives the moment applied on the hull by the wind as a function of wind 
speed and wind direction relative to the ship 
M-f = inline('0.5*r~air*(0.5144*va*sin(theta))A2*cd*3.623*l OA4','r-air', 'cd', 'va', 'theta'); 
%Wind angles relative to the ship 
theta-all = [116, 0.25, 113, 0.5]*pi; 
%Wind speed [starting value]:interval:[ending value] 
va-all= 50:2: 100; 
for a = 1 : length(theta-all) 
for b = I :length(va-all) 
theta = theta-all(a); 









plot(va-all, x-max(1, :), va-all, x_max(2,:), va-all, x-max(3,:),va_all, x-max(4,:) ) 
legend('\theta = \pi/6', '\theta = \pil4','\theta = \pi/3', '\theta = \pi/Z1) 





plot(va-all, x-stat(1, :), va-all, x_stat(2,:), va-all, x-stat(3,:),va_aIl, x-stat(4,:) ) 
legend('\theta = \pil6', '\theta = \pi/4','\theta = \pi/3', '\theta = \pi/2') 
xlabel('val); ylabel('\phi-(static}') 
CODE: rk4 
function [x-max, x-stat] = rk4(b-a, g-a, ship-x, shipy, M-a) 
%This function is used to integrate a 2nd order ode 
%Time step size 
k = 0.1; 
%Duration of run (sec) 
N-d = 200; 
%Number of time steps 
Nt = ceil(N-dlk); 
%Initial conditions 
x =o; 
%for the run of non-zero initial conditions one has to assign values 
%for x,x-t 
% ....................................... ............................. 
%Time integration 
for i = I  :Nt 
%Assign values from previous time step 
XI = x; 
x-ttl = acceleration(b-a, g-a, ship-x, shipy, M-a, XI, x-tl); 
%First step 
XI-4= XI + x-tl*0.5*k; 
x-t'l-4 = x-tl + x-ttl*0.5*k; 
x-ttl = acceleration(b-a, g-a, ship-x, ship-y, M-a, XI-4, x-tl-4); 
%Second step 
XI -2=XI + x-t1-4*0.5*k; 
x-t1-2 = x-tl + x-ttl-4*0.5*k; 
x-ttl-2 = acceleration(b-a, g-a, ship-x, ship-y, M-a, XI-2, x-t1-2); 
%Third step 
x3-4= XI + x-tl-2*k; 
x-tt3-4 = acceleration(b-a, g-a, ship-x, ship-y, M-a, x 3 4 ,  x-t3-4); 
%Fourth step 
x = XI + (x-tl + 2*x-t1-4 + 2*x-t1-2 + x_t3_4)*M6; 
x-t = x-tl + (x-ttl + 2*x_ttI -4+ 2*x-ttl-2 + x-tt3_4)*k/6; 
end 
%Save results 
x-max = 180/pi*max(abs(x-rk4)); 
% pause 
% figure(1) 
% plot(1 :Nt, x-rk4, I :Nt, x-t-rk4) 
% legend('xl ,'dx-{dt)') 
% xlabel('time step') 
% ylabel('position') 
Yo 
% hold off 
CODE: Acceleration 
function x-tt = acceleration(b-a, g-a, ship-x, shipy, M-a, x, x-t); 
%Interpolation for ship data 
d = interpl ( ship-x, ship-y, x, 'spline'); 
%Equation for acceleration of angle 
x-tt = - b-a*x-t - g-a*d + M-a*(c~s(x))~Z; 

Ap end i x V :  TABLES OF ROLL ANGLES FOR ALL CASES 






Appendix V I  : TABLES AND FIGURES OF ROLL ANGLES 




INITIAL ANGLE OF HEELING (6 de 
WALL-SIDED 
FLARE-SIDED 
INITLAL ANGLE OF HEELING (6 degrees) 
I Flare Sided for GM=1 .5m 1 
V Knots 
+ Dynamic 
* ; A  , a ; m  f 
50 1 6.48 8.34 10.15 1 11.94 
I N I T M  ANGULAR VELOCITY (0.1 
I Flare Sided for GM=l.5m 
A. Results with initial angle of heeling 
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Figure 42: Maximum Roll Angles For Dynamic Case (Tumblehome GM=2.0m) 
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Figure 43: Maximum Roll Angles For Dynamic Case (Wall Sided GM=l.Sm) 
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Figure 44: Maximum Roll Angles For Dyumic Case (Wall Sided GM=2.Om) ' 
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Figure 45: Maximum Roll Angles For Dynamic Case (Flare Sided GM=l.Sm) 
Figure 46: Maximum Roll Angles For Dynamic Case (Flare Sided GM=2.0m) 
B. Results with initial angular velocity 
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Figure 47: Maximum Roll Angles For Dynamic Case (Tumblehome GM=l.Sm) 
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Figure 48: Maximum Roll Angles For Dynamic Case (Tumblehome GM=2.0m) 
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Figure 50: Maximum Roll Angles For Dynamic Case (Wall Sided GM=2.Om) 
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Figure 52: Maximum Roll Angles For Dynamic Case (Flare Sided G M 4 . h )  






























ol OOOL 1 
-
 leo3 




































 000'E 1 
-
 aJ0 UoJl 
SolsaqsV s
u

































































0 0 0 0 1 
8 1 
0 0 0 0 0 1 
0 0 0 0 1 
PZ 0 
Z 1 




















































































































































































































































































































































































































0 0 0 6 0 0 26
 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1 0 0 0 12
 






























































































































































































































































































































































































































































































































































































































































































































































































































































9 LO C 




































































































































































































































































































































































































































































































































































































































































































































































































































































































0 0 o 0 0 o 0 1 0 1 0 1 
0 9 1 P 0 Z 
o 0 0 0 o o 0 0 0 
8L 








































































































































































































































































































































































































































































































































































































































































































1 0 0 7 0 0 0 0 0 0 0 0 19
 
0 4 0 0 0 1 0 0 0 1 0 0 19
 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1 0 0 0 0 0 0 14
 









































































































































































































1 L o 0 0 0 0 0 0 1 0 9 1 0 0 
22 








































































































































































































































































































































































































































































































Z 8 G 1 1 






Z 0 0 0 0 L L Z Z 0 0 0 0 0 0 9 0 0 1 0 






























































































































































































































































































































- 1 1 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































9 9 1 1 6 
P 1 
o 0 0 0 8 0 0 8 0 0 0 0 0 0 0 0 0 Z 1 






























































































































































































































































































0 0 0 8 0 8 0 0 0 0 0 Z 1 0 0 1 0 0 E 0 
Z 1 
L 1 





















































































































































































































































































































































































































































































































































































































































































(w3 000' 1 1) s601 
J@
VJ!l3 1uaUJa3 





































9 S P 
6u!ss!UU 
0 o 1 0 0 0 
0 1 0 
0 0 0 0 0 L LC 

















































































































































































































































































































































































































































































































































































































































































































































Je3 sa!lddns Pood 
~
a



























1 s 1 
81 
p 1 Z 1 
PZ 




P 1 Z 0 0 0 
9 0 0 Z 1 0 P 0 0 1 0 Z s 0 1 




































































































































































































eP!xO u!1'8 laddo3 





































 L 9 8 z 2 8 
00-AEW





































0 0 0 0 0 0 0 1 
0 0 o o 0 0 0 
81 









































































































































































































































































1 1 L L 






































































































































































0 0 0 0 0 0 0 0 
0 1 









































L69 1 1 
IMQ 















- L L 
ZO-qed- 1 1 










































































































































































































































































































































































z 1 8 
9 
Z 1 
Z L L 6 
ZL 
9 Z 9 
z 1 





0 9 9 z 0 0 0 o 1 
9 1 
0 0 0 P 1 0 
z L 
E 0 0 0 0 0 0 0 0 0 




































































































































































































































































































































































































































































































0 0 0 0 2 0 0 0 0 0 0 0 11
 
1 0 1 0 20
 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Ap endix I X :  Data for  Passengers Ships/ RoRo/ 



































































































































































































































































































































































































































































































































































































































































































































































































































































1 0 0 1 0 0 12
 
0 6 0 1 0 0 0 0 0 14
 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4 9 1 7 0 0 1 0 0 0 0 0 0 0 1 16
 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix X I m  Ca I cu I a t  i on O f  Costs f o r  Severa I 
Types o f  ~h i ps 

Cost of Human Life 
SuJkcarriem 
Total Number of KilledFMising NkilJ := 797 
Total Number of Accidents Nacc-b := 75 
Second Hand Price in  US$non P r i  c e , ~ , ~  := 378.51 
Cargo average price in US$lTon P r i  ceCarg ,~  := 1749.36 
Total Gross Tonnage lost 
Total Deadweight lost 
Nki1 J 
Costb := CL - + P r i  c e , ~ , ~  - DWTb GTb Nacc-b Hacc-b + P r i  cecargoh. Nacc-b 
Total Number of KilledrMissing Nkil-t := 319 
Total Number of Accidents Hacc-t := 68 
Seeand Hand Price in  US$JTon P r i  ce,~,-t := 309.07 
Cargo average price in  US$lTon P r i  cemrg,_t := 595.05 
Cost of oi l  spills clean-up i n  US$/Ton Cost, := 8300 
Total Gross Tonnage lost 
Total Deadweight lost 
Total Number of KilledJMising N k i ~ - ~  := 68 
Total Number of Accidents ~ a c c - c  := 8 
Second Hand Price in US$fTon P r i  c e , ~ , ~  := 378.51 
Cargo average price in US$!Ton P  r i c e, ,,go-c := 1749.36 
Total Gross Tonnage lost GT, := 50823 
Total Deadweight lost D m c  := 56882 
Nki1 -c 
crest, := CL . 
D ~ c  GTc + P r i  ceSb, N ac c-c ac c-c + P r i  cecargo-13- Nacc-c 
Total Number of KilleddMissing H k i ~ - ~  := 2371 
Total Number of Accidents Nacc-g := 626 
Second Hand Price in US$fTon P r i  cesb-g := 378.51 
Cargo average price in US$!Ton P r i c e, a,qo, := 1749.36 
Total Gross; Tonnage last G T ~  := 1814262 
Total Deadweight lost OWg := 2923869 
Total Number of KilledlMising 
Total Number of Accidents 
Second Hand Price in US$lTan 
Total Deadweight lost 
